with a trailing edge flap to add an extra dimension to the tables. All assumptions can thus be properly assessed. Two approaches are taken to the assessment: firstly, forced motions for both the body and flap will be used with the loads and moments being compared; secondly, the aerofoil will be free to pitch with prescribed flap deflections and the trajectories will be compared. The manoeuvres used are of increasing complexity allowing a systematic study to take place.
II. Formulation

Aerodynamic Tables
For commercial aircraft the flight envelope can be quite large ranging from Mach numbers up to 0.95, incidence and sideslip angle up to ±30.0 • and control surface deflections up to ±25.0
• . The aerodynamic tables must cover this in order to simulate manoeuvres. In forming the tables, a number of assumptions are made which give rise to certain limitations. One initial assumption that is made in forming the tables is that the resolution (i.e. how many data points are in the parameter space) is sufficient to model the aerodynamics of interest. The tables can also be very large with some having data points in the order of millions. If CFD is used as the source of the aerodynamic data, it is clearly not feasible to have a solution for each parameter combination. To reduce the number of points required, the parameters can be decoupled; for example, the six-dimensional table in Table 1 . The assumption here is that the influence of each decoupled parameter is negligible which may not be the case for certain flow conditions. An extension to minimising the required number of high fidelity calculations is to use a hierarchy of methods of different fidelities. Typically, low fidelity semi-empirical data are used. A data fusion approach is then applied to maintain sufficient fidelity of the tables whilst reducing the number of CFD simulations required. This was originally proposed in, 13 where a 30% reduction in computational time was achieved without loss of accuracy. In, 14 this approach was extended to use the DATCOM 15 database as the source of the low-fidelity data, which was then assessed using a commercial jet aircraft case with changing geometry. Kriging interpolation was also applied in this work to further minimise the number of calculations required to fill the tables; it was also used to locate points in the parameter space where a high-fidelity solution is required (i.e. location of high parametric sensitivity).
For this study, only high-fidelity CFD data are used due to the low cost for the cases presented. Kriging is then used to obtain unknown data points within the manoeuvre parameter space.
Dynamic Stability and Control Derivatives
The terms in the tables are obtained from static calculations, and as such require some modification to account for rate effects. This is done using the dynamic stability derivative model as mentioned previously. The load and moment coefficients are considered as consisting of a steady and an unsteady component, expanded as shown in Eq. (1) for a pitching motion.
The j subscript represents the force or moment of interest (i.e. L,D,M), the zero subscript term is the steady value at time t taken from the aerodynamic tables, the q(t) term is the rate of change of incidence at time t and the δė le (t) term is the rate of change of flap deflection at time t. The dynamic stability derivative termC jq in this example represents how the force or moment coefficient changes with the pitch rate and the control derivativeC jδ ele represents how the force or moment coefficient changes with the rate of change of deflection of the elevator. The value can be obtained by observing the response from a forced periodic motion as described in. 16 The first Fourier coefficients of the time history of the response correspond to the values of the stability or control derivatives. Given this model consists of a steady and unsteady component due to instantaneous rates, it does not account for history effects which are also present for manoeuvres. As such, this approach can only be considered as quasi-steady. All dynamic derivative terms used in this work have been calculated using the Harmonic Balance technique described latter and as used in.
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Manoeuvre Simulation
For the simulation of manoeuvres using either the tables or a time-accurate CFD replay, it is necessary to derive the equations of motion for the test case. For the aerofoil, there are only two degrees of freedom (pitch and plunge) as shown in Fig. 2 For simplicity, the offset x α is considered to be zero (i.e. the centre of gravity is coincident with the flexural axis). The equations of motion can be written in the following form,
where x is the displacement in pitch and plunge, the damping term c represents the aerodynamic damping as dynamic derivative values, and the stiffness matrix k represents the force and moment slopes. The equations of motion in dimensional form are then written as
where M is the pitching moment, and not the mass matrix as in Eq. (2). The above system is then solved at each time step in the manoeuvre to obtain the new position for the moving body. Modifications on the above are made depending on whether the CFD solver or tabular model is being used. The CFD solution contains the stiffness and damping in the load and moment coefficients, thus reducing the system to a simple second order ordinary differential equation. For the tabular model, only the stiffness terms are included. This requires modification of the static loads and moments using the dynamic derivative model, which leads to the chosen derivative values having an effect on the body position calculated for the free-response.
CFD Solver
The University of Liverpool solver Parallel MeshLess (PML) is used in this work to obtain the CFD data. PML is a research code developed for the simulation of bodies moving in relative motion. Spatial derivatives are approximated using a least squares method on clouds of points. The resulting system of equations is linearised, and solved implicitly using approximate, analytical Jacobian matrices and a preconditioned Krylov subspace iterative method. The details of the spatial discretisation, linear solver and construction of the Jacobian matrix, along with results, solving the Euler, laminar and Reynolds-Averaged Navier-Stokes (RANS) equations are given in.
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Flap Modelling
Two approaches are used in this work to model the flap deflection. The first makes use of the meshless solver preprocessor. The meshless approach was adopted to allow components of a model to be generated separately and then combined into one large point distribution so that complex geometries can be run with relatively little setup time. For the case in this work, two component point distributions are generated for the body and flap. The preprocessor then combines these to form a larger point distribution. The boundaries are then redefined, any points inside the boundary are blanked and the stencils are selected using a method described in.
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The second approach uses a mesh deformation tool to update the point cloud distribution for any given flap rotation. The approach is general in the sense that it is used for coupled aeroelastic analysis of complex three-dimensional vehicle configurations (see Fig. 3(b) ). In aerospace applications, the structural models are often simplified by adopting beam stick models which retain the ability to accurately predict the static and dynamic responses of common slender-wing vehicles, and to predict the flow development, models based on CFD are very accurate and large in dimension. Thus, the aerodynamic and structural models are generally non-overlapping and non-coincident. A computationally efficient approach is required to: a) transfer aerodynamic loads from the aerodynamic to the structural model, and map structural deformations from the structural to the aerodynamic model in a conservative way (without introducing spurious energy); b) be independent of the particular aerodynamic and structural formulations used; c) be robust to deal with large structural deformations; among others. The interface operator used to map deformations and transfer forces between the aerodynamic and structural models is computed once at the start of the simulation using a moving least-square approach. 21 Once the deformed aerodynamic surface is calculated, internal points between the solid wall and the farfield are moved using an inverse distance weighting method. 22 The point velocities are also computed. For the moving flap problem, fictitious nodes located on the upper and lower surfaces are used to prescribe the flap rotation. Note that these nodes are only used to drive the mesh deformation and are not structural nodes (see Fig. 3(a) ). 
Harmonic Balance
The Harmonic Balance (HB) technique 23 is an approach to calculating the response to an oscillatory periodic motion. This is particularly useful for the calculation of stability and control derivatives. It has been implemented in the PML solver for this purpose including an extension from the usual formulation to account for a moving flap as is required for the control derivatives.
The formulation begins by taking the governing flow equations in semi-discrete form as
where R is the fluid residual and w is the flow solution. The assumption of periodicity is used to model the flow variables and residuals as a Fourier series with frequency ω, and truncated to a specified number of harmonics N H ,
Combining Eqs. (4) and (5), then grouping similar harmonic terms, gives a system of N T = 2N H + 1 equations, written in matrix form as
where A is an N T × N T matrix containing terms A(n+1,N H +n+1) = n and A(N H +n+1,n+1) = -n. The solution of the system is discretised into N T equally spaced intervals over the cycle to obtain
where T is the period of the cycle and ∆t = 2π/(N T ω). The vectors in Eq. (7) are then combined with Eq. (6), using a transformation matrix E to relate the vector of Fourier coefficients to the respective HB vector. Introducing a matrix D = E −1 AE, this can then be reduced to
Equation (8) is solved by introducing a pseudo-time derivative to allow iteration to convergence using a time-domain CFD solver, dw hb dτ + ωDw hb + R hb = 0.
III. Results
NACA 0012 Aerofoil
In order to use both flap modelling approaches, two different aerofoil bodies have to be defined. The first is the aerofoil as two separate bodies to be used with the PML preprocessor overlap functionality. The two component point distributions have been defined: the body, which is cut at 0.75c and has 14,088 points with the farfield at 50c; and a flap section of length 0.25c with 10,339 points and the farfield at 25c. The respective distributions are shown in Figs. 4(a) and 4(b). All cases where this method has been used have been run solving the Euler equations. The second approach using the deformation tool makes use of a finer point distribution of 33,393 with a wall spacing of 1×10 −5 in order to solve the RANS equations. The point cloud used for these cases including the underlying structural model is shown in Fig. 5 .
The structure is deformed as was shown in Fig. 3(a) with the mesh being deformed around this based on the point mapping. 
Types of Manoeuvre
A number of manoeuvres have been chosen in order to cover the range in Fig. 1 . The manoeuvres are also representative of those that are within the flight envelope of a civil airliner. Two types of manoeuvre have been chosen with increasing complexity to allow for a systematic study of the models.
Ramp
The most simple of the manoeuvres is that of a ramp. This involves a pitch up of the aerofoil at a constant rate. Depending on the rate chosen, the aerodynamics for this manoeuvre remain largely in the linear regime. Results for an aerofoil with a flap are shown in Fig. 6(a) if the purpose of the analysis is structural design. The tables, however, overestimate the loads for positive lift coefficients. The rate of this manoeuvre is quite high for a civil aircraft and will rarely be required in service. It is, however, necessary to be considered in the design process to ensure safe operation throughout the flight envelope.
For the Mach 0.8 case, nonlinearities are clearly present. There is a sharp change in the slope for the CFD replay at around −2.0
• . This change in gradient can be assessed by viewing the pressure coefficients at each side of the slope change with a view to determine if it is a result of shock motion. The pressure plots are taken at α = −2.0
• and − 1.5
• , and are shown in Fig 7(a) for the steady state cases, and in Fig. 7 (b) for the unsteady case for the manoeuvre CFD replay. In comparing the steady and unsteady pressure distributions, it is seen that the slope change is due to unsteady effects and in particular the shock location. The shock has moved for the steady-state simulations by around 3%, with the location remaining upstream of the 75% chord point (i.e. flap hinge). The unsteady pressure plots, however, show a 10% shift in the shock location, including a jump from a point on the flap to a point on the body. This rapid movement causes an equally abrupt slope change in the lift plot.
Given that the tabular replay uses the steady state values, the effect of the shock movement is not captured, even after accounting for unsteady rate effects. Adding to the discrepancies is the lack of coupling in the stability and control derivatives for producing a value that accounts for combined body motion and flap motion effects. This is certainly detremental in this case, and shows a weakness in the tabular model for a manoeuvre that is within the flight envelope of a civil airliner.
Obstacle
The second manoeuvre type is that of an obstacle avoidance. This manoeuvre introduces a variable rate of pitch, and can be set up to involve the aerodynamics passing through the linear and nonlinear regimes. The manoeuvre at Mach 0.3 is the simplest of the two, although it does have a large amplitude in order to introduce some nonlinearities. Despite this, the tabular replay with the dynamic contribution is able to estimate the time accurate replay fairly well. There are small discrepancies around the +5.0
• on the upstroke and −5.0
• on the downstroke, which could be attributed to history effects as a result of the flap motion. The Mach 0.8 manoeuvre is less well predicted. It has been designed to create complex aerodynamics, such as strong moving shocks, so that differences can be seen between the CFD and tabular replays. It is clear that the tabular model is not sufficient to predict the time-accurate replay. There are large discrepancies in the loop and changes in the curvature of the CFD replay, which are not captured. These changes are due to the shock location moving from the flap to the body, as was the case in the ramp manoeuvre. This movement is not captured in the stability or control derivative calculations due to the two values being calculated individually. The rapid movement of the shock across the flap hinge also introduces large history effects which are not captured in the tabular model. These two cases show the need to assess the assumptions, in order to determine when it is fit for purpose.
In order to increase the complexity of the problem, the obstacle manoeuvre can be run including viscous effects. The same inputs have been used as above, with the responses shown in Figs. 9(a) and 9(b).
As with the Euler simulations, the subsonic case shows excellent agreement between the CFD and tabular replays. However, the transonic case shows significant discrepancies between the two replays. The rate effects appear to be well captured given that the hysteresis in each loop is similar. The problem here is with the steady state loads in tables not matching the mean values in the CFD loop. This is consistent with the poor agreement due to history effects seen in the Euler simulation, although with RANS it appears to be further accentuated. These differences will be studied further in the next section.
Assessment of Assumptions -Forced
It is necessary to assess each of the fundamental assumptions in the tabular model in order to determine the operational limits. Each assumption will be assessed in turn using a number of different criteria.
Coupling
The first assumption to consider is that of the decoupling of parameters to reduce the size of the tables. This is tested by taking the table of It is seen for the lower Mach case that there is little difference throughout much of the manoeuvre up until around α = 9.0
• where nonlinearities are present. In the linear region it is shown that the assumption of decoupling the table parameters is valid. For the second manoeuvre a similar result is seen with good agreement up until α = 7.0
• . At this Mach number nonlinearities are present from very low incidences, and become more significant as the angle increases. This is seen where the coupled and decoupled replays are not in agreement, with the difference as much as 5% to 10%. In this instance the assumption is still valid, although errors begin to show that could be significant for some manoeuvres. At higher Mach numbers in the civil domain, however, manoeuvres are usually low incidence and very low rate, which leads to the conclusion that the discrepancies shown here will not be relevant.
An extension to the coupling assessment is to look at the assumption of decoupling the unsteady contribution from the body and flap motion. Typically, a stability derivative is calculated for the body motion with δ ele = 0.0
• , and a control derivative is calculated with a moving flap and stationary body. The two are then multiplied by their respective rates in the manoeuvre and summed to obtain the unsteady contri- bution. However, for high Mach, high incidence manoeuvres, the coupling between body and flap motion could become significant. In order to assess this, the obstacle avoidance manoeuvre, seen previously, has been simulated for a subsonic, and a transonic case. The dynamic derivative values have been calculated using the usual decoupled approach, and then also a coupled approach (i.e. using the CFD replay of the manoeuvre to obtain a combined dynamic derivative). The lift coefficient responses are shown in Figs It is seen that in both cases the difference between the coupled and decoupled approaches is negligible. The transonic case does contain some significant nonlinear behaviour, but this does not appear to have affected the replays. From this assessment it can be concluded that the assumption of decoupling the dynamics is valid.
Resolution
The resolution of the tables is critical to the efficacy of the model, particularly where the aerodynamics are rapidly changing. In order to assess this, the obstacle case has been run at Mach 0. It is seen that for the subsonic case, there is little difference in the different resolutions. This is to be expected due to the motion remaining in the linear regime. There is, however, a small difference using the coarsest table, which could be attributed to the parameter space no longer being planar at the extremes. For the Mach 0.8 case there is little difference in the two finest resolutions, where there is significant nonlinearity in the lift against incidence and control surface deflection. There is, however, a large difference when using the coarsest table, which is to be expected due to the nonlinearities previously mentioned. It is, however, highly unlikely that the tables used for a simulation in this regime will be as coarse as used here. As such, the resolution is not a significant factor in the ability of the tables to predict the loads and moments throughout a manoeuvre.
Dynamics
The effect of unsteady modelling on the aerofoil response can be significant. It has been shown in a number of papers 24, 25, 12 that the use of dynamic derivatives can be sensitive to the conditions for which they are calculated. The reduced frequency and Mach number are two such parameters. The variation in the pitch damping derivative for an aerofoil is shown in Figs. 13(a) and 13(b) respectively. This variation must be considered when running manoeuvres where the positions and rates of the aerofoil are outside of those for which the derivatives have been calculated.
Taking the obstacle manoeuvre again, three different values have been used for the pitch damping derivative for both the Mach 0.3 and 0.8 cases. The tabular replays have then been run with each value to determine the loads and moments throughout the manoeuvre. The variation in lift is shown in Figs. 14(a) and 14(b) .
In both cases there is negligible difference in the lift for each of the derivative values used. This is expected due to the small variation in the value used and the low rate for the manoeuvre. This may, however, become significant for xertain manoeuvres where there are high rates, large rate changes, or large variation in the state of the aircraft. 
History
A final assumption is that of the quasi-steady model (i.e. no history effects) which is used to account for unsteadiness in the tabular replays. This leads to flow history being neglected, and as such, could impact the solution for certain manoeuvres. History effects should only be significant where highly nonlinear flow is present, such as through shocks and stall, particularly for dynamic stall cases. This will account for a very small part of the tesing for commercial aircraft, and may be outside of the flight envelope, but should still be considered. In order to assess the effect of neglecting history, the obstacle manoeuvres will again be used. An unsteady CFD replay and quasi-steady CFD replay are run. Cross-plotting the solutions enables the influence of history effects to be viewed for the given manoeuvre. A comparison is shown in Figs. 15(a) and 15(b) .
For the obstacle at Mach 0.3, there is little difference between the replays. This is expected due to the amount of unsteadiness for these conditions being low, and as such allows the flow history to be neglected. For the manoeuvre at Mach 0.8, the amount of unsteadiness is significant. This means that neglecting flow history has a significant impact on the solution. The largest differences are seen when the rates are the highest (i.e. when the flow will be changing most due to rapid displacement of the body). With the tabular model being quasi-steady, the best it can approximate is that of the quasi-steady CFD solution. In this instance, given that the quasi-steady replay cannot match that of the unsteady replay, the tabular model will have significant discrepancies, as was seen earlier. This comparison shows that the assumption of neglecting history effects can be valid, although there are certain conditions under which it is no longer the case. This is something that must be considered when using this model.
Assessment of Assumptions -Free Response
An extension to the forced motion assessment is to look at the free response of the body given a set of control inputs. The replays can then be run with both the tables and unsteady time-accurate CFD simulations. The trajectories followed by the aerofoil with each approach can then be compared. This method is different to the usual comparison of the loads and moments, and provides a different perspective on how the aerofoil responds, with a focus on control aspects. For the cases presented, the aerofoil is free to pitch with flap inputs corresponding to those used for the obstacle case in the forced motion assessment. The value of I y in each case is 0.5kg.m 2 .
Coupling
The coupling has been assessed again using a coupled Fig. 16 for the subsonic and transonic Mach numbers. As was seen in the forced motion assessment there is little difference between the coupled and decoupled modelling approaches.
Resolution
The table resolution takes the same resolutions used in the forced motion assessment. The responses are shown in Fig. 17 . Again, the result of this comparison is consistent with that using forced motions. It does, however, appear that the differences in the incidences are beginning to increase as the manoeuvre progresses, which suggests that if it were to continue, there would need to be large corrections required in the flap deflection in order to match the responses. This is present even for the 18 and 55 point resolutions at Mach 0.8 where there is a difference at the end of one cycle. This was not something present in the forced motion case. 
Dynamics
The effect of the pitch damping derivative is shown in Fig. 18 . Due to using a free response approach, it would be expected that the dynamic derivative value would affect the trajectory of the body; however, in this instance it is not the case. There is little difference between the trajectories for each of the pitch damping derivative values used. It may be that the small variation in the derivative value is not significant for this case.
IV. Conclusions
An assessment of tabular aerodynamic models has been carried out looking at the impact of each of the fundamental assumptions used in forming this model. The assessment was carried out with an aerofoil, including a trailing edge flap, carrying out a number of manoeuvres of varying complexity, extending previous work carried out by the authors. Initial comparisons were made between the CFD solver and tabular replays for both Euler and RANS simulations, with differences being shown for the more extreme cases. The assumptions were then assessed for both forced motions of the body and flap of the aerofoil, and for free response of the body for prescribed flap motions. It has been seen that the model is adequate through the majority of the flight envelope of a civil airliner, although at certain extremes, where history effects become significant, the models begin to break down.
With the models being used in aircraft design, it has been confirmed that they are suitable for load prediction of manoeuvring bodies. It has also been shown, through the free response analysis, that the model is suitable for control system design. This is particularly relevant at lower speeds when the aircraft manoeuvrability is a key aspect.
